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Damage to the genome is unavoidable in living creatures, because
of sunlight exposure as well as environmental chemicals present in
food and drinking water. There is a need to monitor and purify the
drinking water; therefore, several methods of detection have been
developed. A very promising model system for this purpose is the
zebrafish (Danio rerio), which is endowed with special qualities for
detecting external as well as internal abnormalities. Grossman and
Wei’s assay [Grossman L, Wei Q (1995) Clin Chem 12:1854–1863],
which measures the expression level of a nonreplicating recombi-
nant plasmid DNA containing a UV-damaged luciferase reporter
gene, shows that zebrafish can repair chromosomal lesions to a
much greater extent than the human population. This vertebrate
model is still very promising after possible down-regulation of the
DNA repair enzymes.

cancer � genotoxic agents � DNA photoproducts � toxicology

The necessity of determining the DNA repair capacity (DRC)
of Danio rerio became evident when several laboratories

chose this vertebrate as a model system to detect genotoxic
agents in the water (1–3). The advantages of using zebrafish over
other assays were the following. (i) The Ames test (4), based on
the determination of mutation rate in bacteria, although inex-
pensive and fast, is insensitive for those agents that need to be
metabolized in the liver to become biologically active. (ii) Mice
are very expensive and labor intensive. (iii) Tissue culture is
optimal for quantifying DRC but requires dedicated laboratory
facilities and trained personnel. In contrast, zebrafish can be
maintained in large quantities using inexpensive tanks. The fish
are easy to grow and exceptional for being transparent and small
enough to reveal internal abnormalities just by looking under a
dissecting microscope. Moreover, zebrafish have proven to be a
good model system to study toxicology and carcinogenesis
(5–10).

The incidence of cancer not only has been correlated to the
exposure of chemical agents in the environment that inflict
lesions on DNA and the chromosomes but, to a significant
extent, has also been determined by the capacity of the organism
to repair lesions (11). The DNA excision repair system (12, 13)
is the major cellular enzymatic complex that detects and removes
the abnormal bases that are constantly being inflicted on the
chromosomes [nuclear or mitochondrial (14)]. Without this
vigilant set of enzymes, the cells would accumulate mutated
genes to such a large extent that the organism would not survive
long. These phenomena have been demonstrated in xeroderma
pigmentosum patients (15) and other people with inherited
mutations in the DNA repair enzymes (16). Studying the altered
genes in this group of patients helped identify the specific
enzymes that are essential in performing the repair (17). This
global system was studied by using DNA photoproducts caused
by UV light (UV), but it turned out that most of these enzymes
also correct damage to DNA caused by reactive oxygen species,
which are constantly produced in mitochondria (18–20) and by
environmental pollutants (21). Therefore, the best sentinel for
detecting carcinogens would be an organism that has the lowest
DRC possible.

The work of Grossman and Wei on the host-cell reactivation
(HCR) assay was pivotal for establishing the correlation of DRC
to carcinogenesis (22). Using the quantitative HCR assay with

stimulated T lymphocytes obtained from peripheral blood
opened up the possibility to determine DRC in humans and
extend it to epidemiological studies (23–25). First, Grossman and
coworkers established the distribution of DRC in the normal
population and compared it with that of people born with
xeroderma pigmentosum (XP) mutations who die of cancer at an
early age (24, 26). They found that XP patients displayed the
lowest DRC observed in the study population. Later studies have
shown that DRC diminishes with age in the human population,
providing an explanation why cancer is a disease of old age (27,
28) and contributed to a large extent in establishing which
enzymes are induced in the process and their specific activities
(29). The HCR assay has been used to determine the correlation
of DRC to the risk of developing tumors, such as breast cancer
(30), prostate cancer (31), and to the onset of neurological
abnormalities (32).

This report assesses DRC in living zebrafish embryos using
this HCR assay. The present study reveals that WT D. rerio is
highly competent to repair UV radiation-induced damage and
consequently would not be effective as a sentinel for environ-
mental agents. Nevertheless, it is possible to obtain sensitive
transgenic lines by knocking out or down-regulating the DRC
enzymes, which have been identified and characterized by the
work of L. Grossman and others.

Results
The HCR assay developed to test for DRC used peripheral blood
lymphoblasts obtained from human populations (23). Each assay
determination required 2 � 106 cells for transfection with
undamaged or UV-damaged plasmid DNA carrying a reporter
enzyme. Applying this protocol to zebrafish was impossible,
because of the low quantity of circulating blood. We reasoned
that very young embryos that produce thousands of dividing cells
in the first hours of development should be able to provide
significant results. To test this assumption, we injected two to
four cell embryos with the pCMVluc plasmid, in equal concen-
tration with the pCMVren control plasmid, and let the embryos
develop normally for 24 h or more. We dechorionated the
surviving embryos, to expose the cells to the substrate, and tested
for the expression of the reporter genes. In Assay A, we chose
substrates that could be used in vivo to be able to follow the
luciferases activities during development. Table 1 shows the
results obtained by transfecting undamaged pCMVluc and con-
trol pCMVren in equal proportion. Seventy percent of the
surviving embryos had luciferase activity, with 50% of those due
to firefly enzyme and 50% to renilla enzyme. Thus, the propor-
tion of luc/ren luciferases was 1.0. Thirty percent of the trans-
fected embryos had activity for both plasmids.

Later, it was found to be easier, less expensive, and still reliable
to change to Assay B, which consisted of determining firefly
luciferase in vivo with luciferin, as in Assay A, and afterward the
embryos were lysed with 20 �l of Passive Lysis Reagent (Pro-
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mega, Madison, WI) and frozen. The extracts no longer had
ATP, which is necessary for the firefly luciferase but does not
affect the renilla luciferase activity, thus no light was emitted.
After adding 4 �l of Stop & Glow reagent (Promega), which
contains the substrate for renilla luciferase, the light emitted by
the extracts was determined. Table 2 shows that Assay B is
similar to Assay A: 25% of the embryos elicited firefly lumines-
cence, and 35% responded with the renilla substrate. Twenty
percent expressed both enzymes. The ratio of firefly luciferase
activity to that of renilla is a measure of the proportion of
repaired UV-treated plasmids.

Table 3 shows the results of many transfections performed
with pCMVluc, either intact or with increasing numbers of UV
lesions, mixed with the same concentration of pCMVren as
control of transfection. The ratios obtained, even with the
untreated plasmid, show great variability. This is to be expected,
because the plasmids have to diffuse from the yolk to the cells;
this process may vary for different embryos. Although it is not
possible to treat the data statistically, it is possible to compare
these results with the DRC obtained for the human population,
which estimates the median dose (37% of the lymphoblastoid
cells that show repair activity) at a UV dose of �400 J/m2 (25).
In Fig. 1, which plots the results obtained in all of the experi-
ments performed (Table 3), clearly indicates that the median
dose of zebrafish embryos (1,200–1,400 J/m2) is much higher
than that of humans.

Discussion
Susceptibility to cancer is a multibody phenomenon, because
many external stimuli, such as sunlight, x-rays used in medical
practice, pollutants in water, chemicals applied to food, insec-
ticides, etc., are the most frequent inducers of mutations in
animals. Just as important is the complex cellular system that

causes the formation of oxygen radicals and reactive oxygen
species (ROS), leading to the up-regulation of at least 40
mammalian genes (33). The first scientist to intuitively recognize
the correlation of ROS and induction of cancer was Albert
Szent-Gyorgyi (34, 35). All these stimuli work by causing specific
chromosomal lesions, which are sensed by the cell, inducing the
DNA damage response. This signaling mechanism apparently
starts by recruiting two protein kinases: ataxia telangiectasia
mutated (ATM) and ATM Rad3-related (ATR), which are
capable of sensing specific DNA lesions when they are activated
by phosphorylation and in turn start a cascade of at least 900
phosphorylation sites in 700 proteins (36–39).

By far the most important parameter among biomarkers for
DNA repair in the susceptibility to cancer is DRC, as demon-
strated by the work of L. Grossman and coworkers, who devised
the quantitative HCR assay (23) that could be used for epide-
miology studies.

In the present work, the DRC assay was applied to zebrafish
embryos to determine whether the WT species would be sensi-
tive as a detector of carcinogens in water. The data obtained,
even with untreated plasmid, are more scattered than the results
published for humans. This is because, in those studies, the
lymphocytes used are homogeneous suspensions of cells belong-

Table 1. Assay I, determination of luciferase activity in
transfected live embryos using Luciferin and Viviren as
substrates for firefly and renilla luciferases, respectively

Embryo
number

Luciferin
AM

Luciferin
PM

Washed, no
substrate

Viviren
AM

Viviren
PM

1 475 � 7 812 � 19 266 509 � 29 1,398 � 20
2 — — — — —
3 2,474 � 29 575 � 3 100 168 � 7 240 � 8
4 703 � 9 143 � 5 483 511 � 9 844 � 15
5 109 � 5 897 � 19 118 — —
6 — — — 249 � 7 795 � 27
7 — — — — —
8 302 � 3 159 � 2 — 577 � 13
9 — — — 147 � 2 255 � 2

10 — — — — —
11 — — — — —
12 — — — 430 � 9 598 � 36
13 487 � 21 1,035 � 23 — 222 � 7 730 � 14
14 — — — — —
15 165 � 3 196 � 2 — — —
16 57 � 2 854 � 15 — — —
17 — — — — —
18 116 � 2 — — 388 � 11 678 � 12
19 3,233 � 36 2,284 � 52 — — —
20 — — 836 835 � 10 1,147 � 18

Single embryos were transfected with equal concentrations of pCMVluc
and pCMVren. Twenty-four hours later, luciferin was added to single live
embryos, and light emission was recorded. After washing embryos and ascer-
taining that activity was low, viviren was added and renilla enzymatic activity
recorded. The same measurements were repeated in the afternoon. The
numbers represent the mean RLU of three independent luminometer read-
ings � SD.

Table 2. Assay B, determination of activity in transfected
embryos using Luciferin and Bright & Glo as substrates for
firefly and renilla luciferases, respectively

Embryo number Luciferin RLU
Bright &
Glo RLU

1 — 1,703 � 90
2 — —
3 —
4 180 � 5 14,518 � 78
5 — —
6 — 3,360 � 95
7 3,955 � 140 762 � 17
8 — —
9 — —

10 — —
11 — —
12 1,016 � 24 434 � 10
13 — —
14 — —
15 — —
16 1,476 � 29 2,740 � 123
17 — 467 � 13
18 — —
19 — —
20 — 592 � 38
21 224 � 8 628 � 41
22 3,030 � 34 1,205 � 50
23 — —
24 85,390 � 1,020
25 181 � 8 7,353 � 435
26 — —
27 — —
28 — —
37 6,916 � 99 —
38 — —
39 5,423 � 160 —
40 —

Single embryos were transfected with equal concentrations of pCMVluc
and pCMVren. Twenty-four hours later, luciferin was added and their light
emission measured. After washing, the embryos were lysed, frozen, defrosted,
and Stop & Glo added to measure renilla luciferase activity. The numbers
represent the mean RLU of three independent luminometer readings � SD.
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ing to a single individual and exposed to the plasmid uniformly
at a given time. Working with embryos has more variables, such
as (i) the number of cells per embryo at the time of transfection;
(ii) the stage of development, which is not so well synchronized;
and (iii) most important of all, that each embryo has a different
genotype. Because the average number of embryos transiently
transfected in these experiments was �30% compared with 70%
in human lymphocytes (40), we should consider the results as
Poisson distributions, where the control and the experimental
plasmids have independent distributions. This is clearly seen in
Tables 1 and 2. Nevertheless, Fig. 1 shows that, even with the
large scattering of values obtained, zebrafish embryos have a
high capacity for repairing UV photoproducts (D, 37% � 1,400
J/m2) compared with human (D, 37% � �400 J/m2). This may
be easily explained considering this fish survived for centuries in
the Delta region of India, because it adapted to high solar
radiation. On the other hand, because zebrafish is transparent to
light, exposing its internal organs to radiation may indicate that
pollution was probably the selective agent.

Some experimental variation observed could be ameliorated by
injecting the plasmids directly into the cell of single-cell embryos or
to use some of the highly inbred lines of fish being generated (ZFIN
ID: ZDB-LAB-980202-4; www.shigen.nig.ac.jp:6070/zf�info/
downloads.html). There is evidence that most of the variability in
WT strains may be due to intrinsic factors. For example, when
oxygen consumption was measured in single 24–72 h postfertiliza-
tion zebrafish embryos, it fluctuated between 0.26 and 0.46 �mol
O2 (41). Other fish also display variations in size and growth rates
in developing embryos (42, 43).

This work shows that the DRC assays can be applied to
animals, and that, in the case of WT zebrafish, it proves it would
not be sensitive as a detector of carcinogens in water. In addition,
by using luciferase as a reporter gene, it is possible to keep the
embryos alive (Assay A) for selection purposes. Considering that
D. rerio is a vertebrate with oncogenic proteins similar to those
of humans (44, 45), it should be relatively easy to engineer
transgenic lines that are defective in the major DNA repair
enzymes. The sequences of these enzymes are well known and
either morpholinos or microRNAs have been successfully used
in zebrafish for this purpose. The advantage of having a model
animal with higher DRC than humans makes it possible to
uncover new parameters for cancer prevention.

Materials and Methods
Cells and Transfection. Two to eight celled embryos from WT D.
rerio were placed in a Petri dish that supported a 1-cm-wide strip
of dental wax cemented to the center of the plate. The strip was
1 mm high, which could hold the embryos lined up along its edge.
By removing the excess liquid, the embryos attached by capil-
larity to the strip on the left side and were injected from the right
side into the yolk sac. Injections were performed with a glass
micropipette attached to an air-pressure-driven micromanipu-
lator introducing 20–25 nl of the plasmids (25 �g/ml each) in
Tris-EDTA containing 5% sterile Phenol red (Sigma, St. Louis,
MO). The Phenol red served as an estimate of the volume
delivered into each embryo. After injection, the embryos were
transferred to sterile Petri dishes containing embryo medium
(46) with 0.25 �g/ml methylene blue and incubated at 28.5°C.

Table 3. Transfections of zebrafish embryos with untreated and UV-treated plasmids

Experiment UV dose,* J/m2

No. of
embryos Percent firefly,† RLU Percent renilla,† RLU luc/ren‡

1 0 23 30 39 0.77
2 0 66 30.5 30.5 1.00
3 0 71 12.6 16 0.79
4 0 37 27 35 0.77
5 0 35 14 14 1.00
6 0 40 22.5 22.5 1.00
7 0 33 39.4 42 0.93
1 350 52 7.7 7.7 1.00
2 350 20 24 30 0.56
3 350 35 17 28.6 0.59
1 700 42 7.1 14 0.50
2 700 32 37.5 50 0.75
3 700 70 8.6 17 0.51
4 700 11 18 36 0.50
5 700 33 24 54.5 0.44
6 700 35 8.6 14.6 0.59
7 700 39 25.6 51 0.50
1 1,050 130 10 21 0.48
2 1,050 27 3.7 7.4 0.50
3 1,050 21 19 33 0.58
4 1,050 42 28.6 54.8 0.52
5 1,050 55 16 27 0.59
6 1,050 43 21.6 35 0.62
1 1,400 33 9,1 39 0.23
2 1,400 38 26 55 0.47
3 1,400 36 30.5 61 0.50
4 1,400 12 33 58 0.56
5 1,400 36 16.6 22 0.75

Summary of all the transfection experiments performed with either untreated or UV-treated pCMVluc mixed
with the control pCMVren used to determine transfection efficiency.
*UV dose of pCMVluc.
†Mean values of three consecutive luminometer readings.
‡Fraction of firefly/renilla activities.
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The surviving embryos developed normally, and 27–30 h after
injection, they reached the prim 6 to prim 16 embryonic stage
(46), displaying spontaneous movements. They were dechorion-
ated manually and distributed singly into Eppendorf tubes. Most
of the liquid in the tube was removed, leaving enough to cover
the embryo.

Plasmids. The plasmid expression vector pCMVluc (4,863 bp)
(25) containing the firefly luciferase reporter gene under the
control of the CMV promoter enhancer was used. The plasmid
was purified through CsCl to select the supercoiled species and
irradiated with UV of 240 nm at 0, 300, 700, 1,050 and 1,400 J/m2.

(This set of plasmids was a gift of L. Grossman and recently of
Qingyi Wei.) Because the transfection efficiency varied consid-
erably, we included an untreated control plasmid: pRLluc
(Promega), coding for Renilla luciferase, which requires a
different substrate to emit light.

Dual Luciferase Assays. Assay A was designed to keep the embryos
alive, while determining the activity of the reporter genes
repeatedly for several hours of development: 10 �l of luciferin
(0.5 mM) was added to each dechorionated embryo, and three
consecutive measurements of the light output in relative light
units were recorded by using a luminometer. The activity could
be measured again during the next hours of development. After
washing the embryos with embryo medium and ascertaining that
only background light was emitted, 10 �l of Viviren (Promega)
was added to the tube, and triplicate measurements of Renilla
luciferase were recorded. Again, the activity of the control
reporter enzyme could be repeated during further incubation
(Table 1).

Assay B. Ten microliters of Luciferin was used to measure the
firefly luciferase activity, as in assay A, then the washed embryos
were lysed with 20 �l of Passive Lysis Reagent(Promega) and
frozen. The defrosted embryo extract no longer had ATP, which
is necessary for the firefly luciferase but does not affect the
renilla luciferase activity; thus, no light was emitted. After
adding 4 �l of Stop & Glow reagent (Promega) to each tube, the
light emitted by the Renilla luciferase present in the extracts was
determined in triplicate (Table 2).

The luminometer used was a Femtomaster FB12 (Zylux Corp.,
Maryville, TN) programmed for a 3 s measurement delay
followed by a 10 s measurement of light emission, and it was
checked with a solution of Quantilum Recombinant Luciferin
monopotassium salt (Pierce) at 10�10 M in medium containing
1 mg/ml BSA after adding a few microliters of 0.5 mM solution
of D-Luciferin monopotassium salt (Pierce).
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